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Abstract 
 
COLOUR is one of the most important parameters in sugar quality and 
its presence in raw sugar plays a key role in the marketing strategy of 
sugar industries worldwide. This study investigated the degradation of 
a mixture of colour precursors using the Fenton oxidation process.  
These colour precursors are caffeic acid, p–coumaric acid and ferulic 
acid, which are present in cane juice. Results showed that with a Fe(II) 
to H2O2 molar ratio of 1:15 in an aqueous system at 25 °C, 77% of the 
total phenolic acid content was removed at pH 4.72.  However, in a 
synthetic juice solution which contained 13 mass % sucrose (35 °C, pH 
5.4), only 60% of the total phenolic acid content was removed. 
 
Introduction 
 
Australia produces approximately 4.5 million tonnes of raw sugar per year, of 
which 85 % is exported.  This contributes around $A1.3 billion to Australia’s export 
earnings.  A consequence of the increased competition amongst sugar producers in 
world trade is the focus on the delivery of high quality sugar.  One of the most 
important parameters in sugar quality is colour.  Australian raw sugars are considered 
to be of high quality with respect to this parameter but there is room for improvement 
as some raw sugars produced both in Australia and overseas are relatively difficult to 
decolourise and tend to develop colour during storage.   
 
Colour in sugar process streams consist of a complex mixture of compounds 
that originate naturally from the cane plant and produced during processing in the 
factory.  The compounds formed during processing have different molecular weights, 
chemical structures and properties, as a result of degradation and polymerisation 
reactions caused by changes in process parameters such as pH and temperature.  
Colour precursors are not removed during juice clarification and polymerise to high 
molecular weight coloured polymers and subsequently contribute to colour in raw 
sugar (Lindeman and O'Shea, 2001). These compounds are usually categorised under 
two groups: nitrogenous (e.g., amines and amino acids) and phenolic compounds 
(e.g., cinnamic and benzoic acid derivatives). 
 
Despite considerable amounts of research, there are no real cost-effective 
methods, with the exception of the use of sulphur dioxide (SO2).  The use of SO2 via 
the sulphitation process is discouraged in many countries because of the presence of 
residual sulphur in sugar.  Different methods that have been trialled to treat sugar 
process streams include clarification techniques (Eggleston, Monge, & Ogier, 2003) 
air flotation (Echeverri & Rein, 2006); membrane filtration (Farmani, 
Haddadekhodaparast, Hesari, & Aharizad, 2008), chemical precipitation (Doherty, 
Fellows, Gorijan, Senogles, & Cheung, 2003); ion exchange resins (Broadhurst & 
Rein, 2003) and activated carbon adsorption (Mudoga, Yucel, & Kincal, 2008).  
Recently, there has been an increasing trend towards the evaluation of chemical 
additives as an alternative to reduce or inhibit colour formation during sugar 
processing. Some examples include the use of ozone (Moodley et al., 1999) and 
hydrogen peroxide (Mane et al., 2000). 
 
Advanced oxidation processes (AOPs) are gaining focus as alternatives to 
conventional methods for the removal of dyes and pollutants in industrial 
wastewaters.  The oxidation mechanism of AOPs is based on the generation of highly 
reactive hydroxyl radicals (•OH).  Several technologies have been developed such as 
use of oxygen (wet air oxidation, ozonolysis), transition metals (Fenton oxidation) 
and UV-light (photocatalysis, photo-Fenton oxidation).  One of the simplest, 
economic and viable AOPs is the Fenton oxidation process which involves the 
catalytic decomposition of hydrogen peroxide (H2O2) using ferrous iron (Fe(II)) as 
follows: 
 
H2O2 + Fe2+  Fe3+ + •OH + OH– (1) 
 
 The •OH radicals then react with organic compounds (RH), which then 
decompose and demineralise to harmless and environmentally safe products: 
 
RH + •OH  H2O + •R  ...  H2O + CO2 (2) 
 
Most work to date using the Fenton process considers the degradation 
efficiency and reaction kinetics on the basis of changing one variable at a time, such 
as reaction pH and temperature (Rivas et al., 2005; Sun et al., 2009).  The 
disadvantage of this approach is that the oxidation process may involve combined 
effects as a result of complex interactions between process parameters.  Response 
surface methodology (RSM) is a powerful statistical tool used for experimental 
design, modelling and analysis of complex interactions (Mohajeri et al., 2010; 
Montgomery, 2008). 
 
In a preliminary study, the authors examined the degradation of a phenolic 
compound, caffeic acid, which is a colour precursor found in juice using the Fenton 
oxidation process (Nguyen and Doherty, 2011).  After 5 min, under the optimum 
conditions studied (pH 5, 25 °C, 0 mass % sucrose, 40 ppm Fe(II) and 400 ppm 
H2O2), 83% of caffeic acid was removed. Nguyen and Doherty (2011) also showed 
that caffeic acid, p–coumaric acid and ferulic acid were the three main 
hydroxycinnamic acids present in first expressed and primary juices.  These juices 
were sourced from burnt cane, green cane with 50% trash extracted and green cane 
without trash extracted. 
 
This study builds on those results by examining the degradation of a mixture 
of three phenolic compounds (caffeic acid, p–coumaric acid and ferulic acid) by the 
Fenton oxidation process in the presence and absence of sucrose.  The results 
obtained were used to develop a model for the total phenolic acid (PA) degradation 
through the use of response surface methodology (RSM) and statistical analysis.  
From the factors investigated, the optimum conditions were chosen based on 
predictions by the developed model.  The model was also used to determine the 
optimum conditions for the degradation of these compounds at particular stages of the 
sugar manufacturing process. 
 
Materials and methods 
 
Reagents and solvents 
 
All solutions were prepared using high purity water from a Millipore system 
with a resistivity of 18.2 MΩ.cm or as otherwise stated.  Reagents and solvents were 
of analytical or super gradient high-performance liquid chromatography (HPLC) 
grade.  
 
Degradation of phenolic compounds 
 
Reactions were carried out in 5 mL open topped glass scintillated reaction 
vessels housed in an 18971 Pierce Reacti-Therm™ heating/stirring module with 
continuous magnetic stirring (280 rpm).  In each run, a predetermined amount of 
Millipore water, sucrose, each phenolic acid (caffeic, p–coumaric and ferulic) and 
acetate buffer were added to the reaction vessel.  The phenolic acid components were 
in constant proportion to each other.  A consistent amount of FeSO4.7H2O and H2O2 
solution was added to achieve a final volume of 5 mL.  The optimum working molar 
ratio determined for the Fenton reaction (Fe(II) and H2O2 solutions) was 1:15, similar 
to that reported by Neamtu et al. (2003).  The reaction was initiated as soon as H2O2 
was added.  Temperature was monitored using a Comark C9001 thermometer probe. 
Table 1 shows the different variables used in the present study for each factor 
investigated (i.e., total PA concentration, sucrose concentration, initial solution pH 
and temperature). 
 
Aliquots (3 mL) were taken after 2 min, diluted 10-fold to quench the reaction 
and kept frozen.  The diluted samples were membrane filtered (0.45 μm) prior to 
HPLC with UV detection at a specific wavelength (280 nm).  The HPLC mobile 
phase consisted of 1.0% (v/v) acetic acid in water (as eluent A) and methanol (as 
eluent B).  The gradient program was as follows: 20% B to 25% B (5 min), 25% B to 
50% B (15 min) and 25% B to 20% B (5 min).  The injection volume for all samples 
was 50 µL; the flow rate was 1.0 mL/min and the run time was 25 min.  After each 
run the chromatographic system was equilibrated for 5 min. 
 
  
Sucrose and reducing sugars determination 
 
The high-performance anion exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) method used for the determination of sucrose 
and reducing sugars was adapted from a previously reported method (Thai and 
Doherty, 2011). 
 
Scanning electron microscopic analysis 
 
 The membrane filtered precipitate from the Fenton oxidation process was 
centrifuged (2900 rpm, 5 min, 25 °C) and the residue was further centrifuged several 
times after dilution with high purity water to remove excess salts or other soluble 
impurities.  The black solids were then separated through vacuum filtration and air 
dried at room temperature overnight, prior to analysis. 
 
The morphology and elemental composition in local areas were examined 
using a FEI Quanta 200 Environmental scanning electron microscope with an energy-
dispersive X-ray analyser (SEM-EDX), at an accelerating voltage of 15 kV.  To 
obtain better images of film topography, micrographs were taken at a tilt of 35˚. 
 
Experimental design and statistical analysis 
 
Design of experiments, mathematical modelling and optimisation of process 
parameters were evaluated using the Stat-Ease Inc. Design-Expert 7.0.0 software 
package (Minneapolis, MN, USA). 
 
A rotatable circumscribed central composite design (CCD) was used to 
evaluate the main effect for each condition and the possible interaction effects 
between two factors.  The factors (independent parameters) used in this study were 
total phenolic acid (PA) concentration (X1), sucrose concentration (X2), solution pH 
(X3) and reaction temperature (X4).  The selected response factor (dependent 
parameter) for optimisation was % total PA removal (Y).  The coded and actual values 
of each factor and their levels for this experimental design used in this study are 
shown in Table 1.  The ranges for each parameter were determined by preliminary 
experiments based on previous work (Nguyen and Doherty, 2011).  For this study, a 
total of 25 experiments were conducted in random order and in duplicate.  Duplicate 
runs were required for reproducibility experimental error calculation. 
 
Table 1–Coded and actual values of the experimental design. 
 
Notation Factor Unit Coded levels of parameters 
   –2 –1 0 +1 +2 
A (X1) Total PA ppm 20 65 110 155 200 
B (X2) Sucrose mass % 0 3.75 7.50 11.25 15 
C (X3) Solution pH  4.50 4.75 5.00 5.25 5.50 
D (X4) Temperature °C 25 31.25 37.50 43.75 50 
 
  
Results and discussion 
 
Monitoring PA degradation 
 
 Figure 1 shows the changes in the PA degradation after 2 min.  The reaction 
was virtually complete within 2 min and no further degradation was observed after 1 
h.  Caffeic acid is observed to have the most degradation (95%) in comparison to p–
coumaric (40%) and ferulic acids (44%).  The degradation ratio based on percentage 
removal of caffeic acid, p–coumaric acid and ferulic acid is 2:1:1 in most 
experiments.  However, in some experiments at higher pH values (> 5.0), the 
degradation ratio was approximately 1:1:1.  This implies that caffeic acid degradation 
is dependent on the initial solution pH.  In addition to this, increased degradation of 
p–coumaric and ferulic acids is observed at higher pH values. 
 
 
Fig. 1–Typical HPLC chromatogram showing feed (t = 0 min) where (a) caffeic acid; (b) p–
coumaric acid and (c) ferulic acid; and their degradation by the Fenton oxidation process  
(t = 2 min) where products of caffeic acid (d, e); p–coumaric acid (f and i) and ferulic acid (g, h 
and j). Assignment of peaks corresponds to compounds shown in Table 2. 
 The HPLC chromatograms obtained after 2 min showed numerous peaks 
attributable to the Fenton oxidation products of caffeic, p–coumaric and ferulic acids 
(Fig. 1).  The HPLC retention time and UV-visible spectral data for the starting 
compounds and their oxidation products are shown in Table 2. The assignment of 
peaks and their corresponding UV-visible spectra are consistent with those reported 
by Fulcrand et al., (1994) and Antolovich et al., (2004).  Although the assigned peaks 
are not quantified, it can be seen from Fig. 1 that the intensities of the oxidation 
products are very low, and so are present in minor amounts.  Protocatechuic aldehyde, 
4–hydroxybenzaldehyde and vanillin are the degradation products of caffeic, p–
coumaric and ferulic acids, respectively.  Possible dimer products are also present as a 
result of oxidative coupling of two phenolic acid radicals initiated by the Fenton 
reaction. 
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Table 2–HPLC retention time and UV-visible spectral data for starting compounds and their 
oxidation products. 
 
Peak Compound Retention 
time (min) 
Absorption maxima 
(nm)* 
Remarks 
a caffeic acid 6.1 235, 290 (s), 320 confirmed 
b p-coumaric acid 9.6 233, 310 confirmed 
c ferulic acid 10.7 238, 278 (s), 320 confirmed 
d protocatechuic aldehyde 4.0 222, 280, 310 confirmed 
e oxidation product of caffeic acid 4.2 weak confirmed 
f 4–hydroxybenzaldehyde 6.0 280 (br) confirmed 
g vanillin 7.5 280, 310 confirmed 
h oxidation product of ferulic acid 7.8 235, 275 confirmed 
i dimer of p–coumaric acid 11.7 250, 290(s) tentative 
j dimer of ferulic acid 12.8 258, 300(s) tentative 
*Experimental absorption data reported: (s) shoulder peak and (br) broad peak. 
 In addition, precipitates were formed during the Fenton oxidation process.  
Surprisingly, the precipitates had a very good settling rate, after stirring, without any 
further treatment, implying that they would not impact on the clarification under 
factory conditions.  The SEM-EDX analyses on the external surface of the 
precipitates showed three distinct peaks attributable to iron, carbon and oxygen.  
From these observations, it appears that the precipitates are iron complexes formed by 
the complexation of oxidation products and/or starting compounds with free ferric 
iron (Madsen and Day, 2010; Riffer, 1986). 
 
Regression modelling and statistical analysis 
 
Central composite design and statistical analysis were used for model 
development and to evaluate the correlations between the response (% total PA 
removal) and the process parameters (total PA concentration, sucrose concentration, 
solution pH and reaction temperature). 
 
Analysis of variance (ANOVA) was used for model adequacy and 
significance of the experimental data.  The quality of the fitted quadratic model was 
expressed by the regression coefficient, R2 and its statistical significance was checked 
by the Fisher’s F-test.  Model terms were determined based on the significance of 
each term at a confidence level of 95%.  This was evaluated by examining its 
respective p value (probability), where the smaller the p value, the more significant its 
corresponding coefficient and the interaction effect with the response.  The ANOVA 
results are presented in Table 3. 
 
  
Table 3–ANOVA results for response surface quadratic model for % total PA removal. 
 
Source Sum of 
Squares 
Degrees of 
Freedom 
Mean 
Square 
F Value p Value 
(Prob > F) 
Remarks 
Model 1396.98 14 99.78 8.58 < 0.0001 Significant 
A 111.44 1 111.44 9.58 0.0036 Significant 
B 821.84 1 821.84 70.69 < 0.0001 Significant 
C 26.01 1 26.01 2.24 0.1428  
D 15.33 1 15.33 1.32 0.2578  
AB 35.74 1 35.74 3.07 0.0874  
AC 1.02 1 1.02 0.087 0.7691  
AD 0.057 1 0.057 0.0049 0.9445  
BC 33.29 1 33.29 2.86 0.0986  
BD 5.22 1 5.22 0.45 0.5067  
CD 20.97 1 20.97 1.80 0.1870  
A2 3.04 1 3.04 0.26 0.6119  
B2 21.74 1 21.74 1.87 0.1793  
C2 139.23 1 139.23 11.98 0.0013 Significant 
D2 54.01 1 54.01 4.64 0.0374 Significant 
 
The analysis indicated that only two of the four independent variables (i.e., 
total PA concentration and sucrose) significantly contributed to the degradation of the 
PAs by the Fenton oxidation process.  The model F value of 8.58 implies that the 
model is significant.  There is only a 0.01% chance that a model F value this large 
could occur due to noise.  After the exclusion of insignificant model terms and their 
coefficients, the model for % total PA removal can be defined as shown in Eq. 3: 
 
% Total PA removal = 63.85 – 1.52A – 4.14B – 1.81C2 + 1.13D2 (3) 
 
where A is the initial PA concentration, B is sucrose concentration, C is 
solution pH and D is the reaction temperature. 
 
A plot of predicted values of the response against the observed values (Figure 
2) shows that a reasonable linear relationship is obtained which suggests that the 
model is still suitable for predicting the % total PA removal. 
 Fig. 2–Diagnostic plot of predicted versus actual values for % total PA removal. 
 
Interactions between process parameters 
 
To investigate the interactions of any two factors on the % total PA removal, 
three-dimensional (3D) surface plots coupled with contour plots of the quadratic 
model were used. 
 
Effect of initial PA concentration 
 
Concentrations of caffeic acid (9 ppm on juice), p–coumaric acid (22 ppm on 
juice) and ferulic acid (6 ppm on juice) vary depending on season, region and type of 
cane and method of harvesting (e.g., burnt cane, green cane, whole crop cane) 
(Nguyen and Doherty, 2011).  A total PA concentration range of 20–200 ppm was 
chosen for this study in order to account for other PAs present in juice as the Fenton 
oxidation process is expected to oxidise them as well. 
 
 It is observed that, after 2 min, the higher the initial PA concentration the 
lower the amount degraded (Fig. 3a).  However, the rate of degradation is faster at 
higher initial PA concentrations.  This is expected because of the higher •OH radical 
uptake by increased amounts of PA molecules during the course of the reaction (Rivas 
et al., 2005).   
  
Effect of solution pH 
 
 Experiments were conducted within a narrow pH range (4.5–5.5) because the 
optimum pH previously reported under similar conditions was 5.9 and that the pH is 
close to that of Australian factory mixed juice (Nguyen and Doherty, 2011).  
Maximum PA removal is obtained at ~pH 5.0 (Fig. 3b).  At higher pH values (> pH 
5.25), Fe(III) produced from Fe(II) oxidation precipitates forming ferric 
oxyhydroxides instead of being regenerated back to Fe(II), thus reduces the amount of 
Fe(II) required to catalyse the oxidation process is reduced (Cortez et al., 2011).  On 
the other hand, at lower pH values (< pH 4.75), the PA degradation efficiency 
decreases due to increased inhibition of Fe(III) reduction reactions (Rivas et al., 
2005). 
 
 
 
 
 
 
 
Fig. 3–Three-dimensional surface plots of % total PA removal as a function of: (a) initial total 
PA concentration and sucrose; (b) initial total PA concentration and pH; (c) sucrose and pH 
and (d) pH and temperature.  Fixed variables: Total PA (200 ppm); sucrose (13 mass %); pH 
(5.00) and temperature (35 °C). 
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Effect of sucrose 
 
 The presence of sucrose clearly inhibited the degradation of the PAs by the 
Fenton oxidation process.  More than 60% of the PAs were removed at 13 mass % 
sucrose, the concentration typically encountered in Australian factory mixed juices 
(Fig. 3c).  Morelli et al., (2003) investigated whether •OH radicals generated by the 
Fenton process were scavenged by simple carbohydrates.  Their results not only show 
the scavenging ability of simple sugars but also show that disaccharides such as 
maltose and sucrose were more effective than monosaccharides in removing •OH 
radicals.  This observation supports the suggestion that the reduced effectiveness of 
the Fenton process for removal of PAs in the presence of sucrose is related to 
reduction of available •OH radicals. 
 
 During raw sugar manufacture, sucrose loss through inversion to glucose and 
fructose, and degradation to organic acids are minimised in order to maintain sugar 
yield by working at selected pH and temperature.  Sucrose degradation by Fenton 
oxidation during PA removal was evaluated by HPAEC-PAD.  The results showed 
minimal losses of sucrose (< 0.01%) were present in all reactions after 2 min.  
Conversion of sucrose to glucose and fructose was not present in any of the reactions.  
This means that the Fenton oxidation process is applicable within the ranges of the 
process parameters investigated in this study. 
 
Effect of temperature 
 
 There was no thermal decomposition of any of the PAs within the temperature 
range studied (25–50 °C), hence the Fenton process was the only contributor to the 
degradation of the PAs observed in this study. The decomposition of H2O2 is not 
directly linked to the amount of PA degraded because, in addition to the formation of 
•OH radicals, at higher temperatures (> 40 °C) non-reactive species such as H2O and 
O2 are formed (Rodrigues et al., 2009).  These counteractive effects are clearly 
illustrated in Fig. 3d where optimal degradation of the PAs is obtained at lower 
temperatures. 
 
Process optimisation and validation 
 
 Numeric optimisation was used to determine the optimum process parameters 
for the removal of the PAs.  The optimum conditions for % total PA removal were 
obtained on the basis of the quadratic model (Eq. 3) and the desirability function.  The 
desirability function is expressed as a numeric value and denotes the degree of 
importance in obtaining the desired target response value. 
 
In order to validate the accuracy and robustness of the predicted model and the 
reliability of the obtained conditions, additional experiments were carried out under 
those conditions, as well as selected conditions of a typical Australian sugar mill.   
 
On the basis of the colour profile across the sugar manufacturing stage 
(Eggleston et al., 2003), to reduce colour in raw sugar, colour removal strategies 
should be targeted at mixed juice (MJ), primary juice and/or juices during the 
evaporation stage.  Based on the information derived from the model thus far, sugar 
process streams operating at temperatures higher than 40 °C and/or at sucrose 
concentrations higher than 15 mass % may not be very effective using the Fenton 
oxidation process.   
 
As shown in Table 4, the experimental values of the optimum (Expt. 1) and 
worst (Expt. 2) conditions agree well with the predicted values deduced from the 
model.  The low error in the experimental and predicted values indicates good 
agreement of the results.  The best results for synthetic juices (i.e., containing pure 
materials namely phenolic acids, sucrose, buffer and water) are obtained with a 
solution having similar sucrose content and temperature as MJ (Expt. 3); followed by 
the solution having a similar composition as juice expressed from Nº. 1 mill of the 
milling train (Expt. 4).  There was higher error in the experimental and predicted 
values for the optimised conditions of Expt. 4.  It is probable that the presence of 
sucrose may have contributed to the inaccuracy of this prediction as its concentration 
was outside the range used to develop the proposed model. 
 
Table 4–Optimum conditions under specified constraints for total PA removal and verification.  
Fixed variable was initial total PA concentration (200 ppm). 
 
    % Removal    
Expt.* Sucrose 
(mass %) 
pH Temp. 
(°C) 
Observed Predicted Error SD Des.^ 
1 0 4.72 25.00 77 75 2.00 1.86 0.942 
2 14.46 4.50 39.16 53 50 3.00 4.12 1.000 
3 13.00 5.40 35.98 60 58 2.00 2.40 0.706 
4 21.00 4.86 29.97 61 66 5.00 5.57 0.393 
^Desirability function value. 
*Experiments: (1) Optimum; (2) Worst; (3) Synthetic juice with similar MJ composition; (4) 
Synthetic juice with similar Nº. 1 mill juice composition. 
From these results, the Fenton process has been proven to degrade and remove 
phenolic compounds (i.e., colour precursors) and potentially other colorants under the 
operating conditions in a sugar factory.  It is envisaged that an additional overall 
benefit can be achieved, as the iron precipitates, produced during the Fenton process, 
can not only capture the colour precursors (i.e., phenolic compounds and proteins) 
and their degradation products but can also remove impurities and colorants  from 
juice during the clarification process. 
 
Conclusions 
 
 This study was aimed at developing a model for the degradation of three 
model phenolic acids in synthetic sugar solutions.  The results have shown that the 
Fenton oxidation process is reasonably effective in degrading mixtures of phenolic 
acids in sucrose solutions.  Further studies are being undertaken with the Fenton 
oxidation process and variation of these on factory cane juices. 
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